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The exposure of polycyclic aromatic hydrocarbons (PAHs) can cause wheat leaf chlorosis. Thus, we hypothesize
that chloroplast inner structure damage is the reason for leaf chlorosis. This study was conducted with the wheat
seedlings exposed to Hoagland nutrient solution containing 1.0 mg L−1 phenanthrene for 9 days. Subcellular
observation showed that chloroplast turns round and loses its structural integrity. Herein, iTRAQ (isobaric tag
for relative and absolute quantiﬁcation) was applied to analyze the changes of protein proﬁle in chloroplast
exposed to phenanthrene. A total of 517 proteins are identiﬁed, 261 of which are up-regulated. Eight proteins
related with thylakoid (the structural component of chloroplast) are down-regulated and the expression of related genes further conﬁrms the proteomic results through real-time PCR under phenanthrene treatment, suggesting that the thylakoid destruction is the reason for chloroplast deformation. Four proteins related with
envelope and stroma are up-regulated, and this is the reason why chloroplast remains round. This study is useful
in discussing the carcinogenic and teratogenic eﬀects of PAHs in plant cells in the environment, and provides
necessary knowledge for improving crop resistance to PAH pollution.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a group of over 100
toxic organic compounds with two or more fused benzene rings. They
are hydrophobic and recalcitrant in the environment, and carcinogenic,
teratogenic and mutagenic to humans and animals (Ali et al., 2017;
Davie-Martin et al., 2017). Most of the environmental PAHs exist in
surface soil and dissipate slowly (Jia et al., 2017). Surface soil is essential for plant growth and agricultural activities (Bordajandi et al.,
2004). Therefore, PAHs pose a threat to crop security. In the legislations
of US EPA, European Union and China, the limited PAH concentrations
in water or food are lower than 0.2 μg L−1, 30 μg kg−1 and 10 μg kg−1,
respectively (Zelinkova and Wenzl, 2015). There are many reports
about the negative growth eﬀects caused by the accumulation of PAHs
in crops. Under the stress of phenanthrene and pyrene, > 25 % biomass
and over 37 % chlorophyll b concentraion would decrease in Oryza
sativa (Li et al., 2008). In the phenanthrene treatment, wheat seed
germination rates were reduced over 32 %, and photosystem function of
the seedlings decreased by 20 % (Wei et al., 2008). Since chloroplast is
the unique organelle for plants to receive and transfer light energy in
biosphere (Sharkey, 2005), the understanding of chloroplast response
to PAH pollution would be important to understand the mechanism
underlying PAH working against its structure and function change and

⁎

to improve the cognition of safe cropping systems and phytoremediation for the PAH-contaminated environment.
It is well-known that photosynthesis is the ultimate source of energy
for all the activities in plant life (Käpylä et al., 2009; de Lucia et al.,
2014). In previous study, we found that the accumulation of phenanthrene triggers wheat leaf chlorosis from its base (Shen et al., 2017).
Chloroplast is the only pigment carrier in higher plants, and its safety is
a concern on the crop yield (Ron and Walter, 2007). The change in
protein structure and quantity can aﬀect the activity of organelle and
cell under stress (Andersson and Anderson, 1980). Accordingly, the
analysis of chloroplast protein change would be a new aspect to understand energy metabolism and matter cycle in plants under PAH
treatments. However, there is no report on the changes of chloroplast
structure and function upon expousre to PAHs. Proteins serve a variety
of functions within cells, such as structural support, movement of cell,
enzymatic activity, and genetic expression (Aebersold and Mann,
2016). In the PAH contaminated soil, three proteins with clonal differences were identiﬁed through proteomics in birch, and ferritin-like
protein, auxin-induced protein and peroxidase were diﬀerentially expressed under anthracene, ﬂuoranthene, phenanthrene and pyrene
treatments (Tervahauta et al., 2009). With the stress of benzo(a)pyrene
in Thalassiosira pseudonana, about 10 % of the identiﬁed proteins were
regulated, and the silicon transporter and its gene expression were
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After a 10-day growth in Hoagland nutrient solution, the wheat
seedlings were immersed in Millipore water for 24 h and then divided
into two groups: Hoagland nutrient solution (pH 5.5) without phenanthrene (control) and Hoagland nutrient solution (pH 5.5) with
1.0 mg L−1 phenanthrene. The phenanthrene-treating time was 9 days.
During the exposure time, we replenished the solution every two days
with the same treated solution, and added the solution to the volume
when the exposure experiment began. There were quadruplicates in
each treatment. Phenanthrene, a model PAH, was purchased from Fluka
Chemical Corporation (phenanthrene purity > 97%). Its molecular
weight is 178.2 g mol−1, and its water solubility is 1.3 mg L−1 at 25 °C.

conﬁrmed as the regulation eﬀect in plants (Carvalho and Lettieri,
2011). Under phenanthrene treatment, ﬁve proteins related to plant
defense response, antioxidant system and glycolysis are up-regulated,
and three proteins related to metabolism of high-energy compounds
and plant growth become down-regulated in root plasma membrane
through proteomic analysis (Shen et al., 2016). Nonetheless, there is no
detailed information about chloroplast protein response under abiotic
stress.
Proteomics is the large-scale study of proteins (Anderson and
Anderson, 1998). In recent years, proteomics is an important complement to investigations at the genomic, transcriptomic and metabolomic
level (Agraﬁotis et al., 2002; Bensmail and Haoudi, 2003), because
proteins execute and control most biochemical processes in organic
cells (Hood and Rowen, 2013; Anderson et al., 2016). Under heavy
metal pollution, Mustafa and Komatsu (2016) concluded the heavy
metal toxicity mechanism by proteomic analysis in plants, and conﬁrmed that glutathione cycle helps cell regulation in metal detoxiﬁcation. Proteomics has also been applied to detect the mechanisms of
drought tolerance in rice, and the expressions of small GTPase and VATPase proteins were the key points (Mirzaei et al., 2012). Also a great
number of important housekeeping proteins were released in Chlamydomonas reinhardtii, and the proteomics oﬀers the useful information
about plant tolerance protein response to salinity stress
(Yokthongwattana et al., 2012). As yet, proteomics has been applied to
analyze the structural and functional changes in biology, and becomes a
hot spot in environmental PAH stress research (Carvalho and Lettieri,
2011; El Amrani et al., 2015). With the development of proteomics,
isobaric tag for relative and absolute quantitation (iTRAQ) has been
widely used in environmental biology (Lan et al., 2010), and iTRAQ is a
technology that utilizes isobaric reagents to label the primary amines of
peptides and proteins and is used in proteomics to study quantitative
changes in the proteome by tandem mass spectrometry (Muth et al.,
2010). Generally, iTRAQ-based quantitation facilitates the comparative
analysis of peptides and proteins in a variety of settings including
comparisons of normal or treated states (Vélez-Bermúdez et al., 2016).
This method has been also applied in organelle proteomics
(Gonczarowska-Jorge et al., 2017; Lande et al., 2017). Recently, the
proteomic reports are more at plant tissue level through 2-dimensional
gel electrophoresis (2-DE) proteomics rather than organelle proteomics.
To gain a better understanding of structural and functional protein
responses under PAH treatment, we applied iTRAQ label analysis here.
As we know, it is the ﬁrst report about the chloroplast proteomics under
exposure to PAHs.
In this study, it is hypothesized that PAH exposure would induce
chloroplast functional protein decline, and then lead to chloroplast
structural damage in wheat leaf. The aims of this study were (1) to
characterize the chloroplast structure change under PAH treatment and
reveal the molecular mechanism on chloroplast deformation, and (2) to
oﬀer new evidence for the carcinogenicity and teratogenicity caused by
PAHs in plants.

2.2. Chloroplast ultrastructure observation
Transmission electron microscopy (TEM) was applied to observe the
chloroplast ultrastructure changes in wheat leaf under control and two
phenanthrene treatments (0.5 and 1.0 mg L−1) after 10 days. Wheat
leaves were cut into 1 mm2 segments and placed immediately in freshly
prepared mixture of 3% (w/v) glutaraldehyde in 0.05 M phosphate
buﬀer (pH 7.2) for 24 h at 4 °C and post-ﬁxed in 2% aqueous osmium
tetroxide in the same buﬀer for 2 h. After post-ﬁxation, the samples
were dehydrated in a gradient series of acetone/alcohol, inﬁltrated and
embedded in London Resin (LR). Ultra-thick sections (50–70 nm) were
made with a glass knife on a Leica ultra-cut (UCT-GA-D/E-1/00) microtome. Ultra-thick sections were mounted on Cu grids and stained
with saturated aqueous uranyl acetate and post-stained with 4% citrate.
At last, the ultrastructure of the sections was observed by TEM (Hitachi,
H-3000 N) (Bozzola, 2007).
2.3. Chloroplast extraction
The extraction method (Percoll gradient centrifugation) was based
on the method by Grabsztunowicz and Jackowski (2012) with some
modiﬁcations. For chloroplast protein preparation, 10 g of wheat leaf
samples of control or phenanthrene treatment were homogenized in
25 mL of ice-cold (0 to 2 °C) isolation buﬀer containing 2 mM EDTA,
50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)/
NaOH (pH 8.0), 1 mM NaCl, 1 mM MgCl2, 0.33 mM sorbitol, 5 mM ascorbic acid and freshly added 0.2% bovine serum albumin (BSA) by
using a motor-driven blender (50 Hz). After ﬁltration of the homogenate through a 100 μm ﬁlter (BD Falcon, USA), the cleared homogenate was centrifuged at 29,000g for 15 min at 4 °C. The ﬁltrate was
centrifuged for 5 min at 2600g to sediment chloroplasts into a green
pellet, which was then resuspended in the ice-cold isolation buﬀer. The
chloroplast suspension was then loaded on the top of linear Percoll
gradient solution (2 mM EDTA, 50 mM HEPES/NaOH (pH 8.0), 1 mM
NaCl, 1 mM MgCl2, 0.33 mM sorbitol, 50% Percoll, 3% polyethylene
glycol 6000 (PEG 6000), 1% BSA and 1% Ficoll), then precentrifuged at
43,000g for 30 min at 4 °C, and centrifuged in a swing-out rotor for
10 min at 10,500g at 4 °C (brake oﬀ). Intact chloroplasts were collected
from the gradients (lower band), diluted three times in isolation buﬀer
without BSA and centrifuged at 3300g for 5 min at 4 °C. The supernatant was discarded and the washed chloroplast pellet was collected.

2. Materials and methods
2.1. Plant preparation and phenanthrene treatment

2.4. Digestion and iTRAQ labeling
Wheat (Triticum aestivum L. cv. NAU 9918) seeds were surfacesterilized with 3% H2O2 for 5 min, and then germinated on moistened
ﬁlter paper for 4 days at 25 °C in the dark after being thoroughly rinsed
with Millipore water (Milli-Q, Billerica, MA, USA). The wheat seedlings
were transplanted to black plastic pot containing 2500 mL half-strength
aerated Hoagland nutrient solution for 5 days and then transferred to
the full-strength Hoagland solution for another 5 days under controlled
conditions (photoperiod 16 h light/8 h dark, light intensity of
400 μmol m−2 s−1, day/night temperature of 25/20 °C, relative humidity of 60%). The nutrient solution prepared with Millipore water,
and the initial pH of the solution was adjusted to 5.5.

The extracted chloroplast samples (500 μg each) were dissolved
with 10 mM dithiothreitol (DTT), alkylated with 55 mM iodoacetamide
and digested with sequencing-grade trypsin (V5111, Promega, CA,
USA) using the ﬁltered aide sample preparation (FASP) method
(Wiśniewski et al., 2009). After trypsin digestion, about 60 μg peptides
of each sample were labeled separately using the iTRAQ 8-plex kits
(Sigma-Aldrich, USA) (113, 114, 115 and 116 for the phenanthrenetreated chloroplast proteins, 117, 118, 119 and 121 for the control
ones) according to the manufacturer's protocol. After being labeled and
quenched, the samples were combined and dried by vacuum
274
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0.5 μL of 10 μM reverse primer, 10 μL 2× DNA qPCR master mix, 6 μL
ddH2O and 1 μL ROX Reference Dye (L). 20 μL reaction system of target
genes contained 2 μL template DNA, 0.4 μL of 10 μM forward primer
and 0.4 μL of 10 μM reverse primer, 10 μL SYBR Premix EX Taq, 6.8 μL
ddH2O and 0.4 μL ROX Reference Dye II. The PCR reaction program
was: 1) 95 °C for 30 s; 2) 40 cycles of 95 °C for 5 s and 60 °C for 30 s.
Expression level of target genes was calculated with 2−ΔΔCt methods
(Simon, 2003).

centrifugation.
2.5. MS/MS analysis using an LTQ-Orbitrap XL
Each sample was reconstituted in buﬀer A (2% acetonitrile (ACN)
and 0.1% formic acid (FA)) and centrifuged at 20, 000 g for 10 min.
Using an auto sampler, 20 μL of supernatant were loaded onto a 2 cm
C18 trap column (inner diameter 200 μm) on a nano HPLC (Thermo
Fisher Scientiﬁc, USA). The peptides were eluted onto a resolving 10 cm
analytical C18 column (inner diameter 75 μm) that was assembled inhouse. The samples were loaded at 4 μL min−1 for 8 min and eluted
with an 88 min gradient at 400 nL min−1 from 3 to 28% buﬀer B (98%
ACN, 0.1% FA), 20 min from 28 to 55% buﬀer B, followed by a 5 min
linear gradient to 98% buﬀer B, maintenance at 98% buﬀer B for
20 min, and ﬁnally a return to 3% buﬀer B over 1 min. The peptides
were subjected to nano electrospray ionization followed by tandem
mass spectrometry (MS/MS) in an LTQ-Orb iTRAQ XL (Thermo Fisher
Scientiﬁc, CA, USA) coupled online to the HPLC. Intact peptides were
detected in the Orbitrap with a resolution of 60, 000 (all Orbitrap
system resolution values are given at m/z 400). Peptides were selected
for MS/MS using the high-energy collision dissociation (HCD) operating
mode with a normalized collision energy setting of 40.0%; ion fragments were detected in the orbitrap at a resolution of 7500. A datadependent procedure that alternated between one MS scan followed by
5 MS/MS scans was applied for the 5 most abundant precursor ions
above a threshold ion for 5000 counts in the MS survey scan, with a
duration of 60 s. The electrospray voltage applied was 2.4 kV.
Automatic gain control (AGC) was used to optimize the spectra generated by the orbitrap. The AGC target for the full MS was 1e6 and 1e5
for MS2. For the MS scans, the m/z scan range was 350–1800 Da. For
the MS2 scans, the m/z scan range was 100–1800.

2.8. Protein annotation and heatmaps
Based on the results of protein search against UniProt database
(www.uniprot.org), cluster analysis of orthologous groups of protein
map was employed to obtain the functional classiﬁcation of the proteins
and to ﬁnd out the protein distribution in each functional group
through the method by Dixon et al. (2007). Heatmap values were calculated by the ration of the control and the treatment, and the values
were means of the four independent phenanthrene treatments and four
independent controls, respectively. The heatmaps were generated using
a R software package (gplots: Various R programming tools for plotting
data. R package version 2.12.1; http://CRAN.Rproject.org/package=
gplots2013).
2.9. Statistical analyses
The experiments were performed with four biological replicates per
treatment. Statistical analyses of the data were performed using
ANOVA tests by SPSS 21.0 (IBM, USA). The means were compared by
the least signiﬁcant diﬀerence (LSD) test at the P < 0.05 level.
3. Results and discussion

2.6. Database search and iTRAQ quantiﬁcation

3.1. Chloroplast ultrastructure change

The samples were analyzed by nano-LC-MS/MS (Thermo Fisher
Scientiﬁc, USA). The peak lists were generated with Proteome
Discoverer 1.3 (Thermo Fisher Scientiﬁc, CA, USA). The proteins were
identiﬁed using the SEQUEST search engine by searching against the
NCBI database (October 27th, 2016). For protein identiﬁcation, a mass
tolerance of 10 peptide mass ﬁngerprinting (PMF) was permitted for the
intact peptide masses and 0.02 Da for the fragmented ions, with an
allowance for one missed cleavage in the trypsin digests. Oxidation at
methionine was set as the potential variable modiﬁcations, whereas
carbamidomethylation at cysteine was set as the ﬁxed modiﬁcation.
The charge states of the peptides were set to +2 and +3. Speciﬁcally,
an automatic decoy database search was performed in SEQUEST by
choosing the decoy checkbox in which a random sequence of the database is generated and tested for the raw spectra, as well as the real
database. Only peptides identiﬁed at the 99% conﬁdence interval by a
SEQUEST probability analysis were counted and each identiﬁed protein
included at least one unique peptide to reduce the probability of false
identiﬁcation. Only proteins that were identiﬁed in all four independent
tests were considered. In this study, a protein with a fold change
of > 1.5 was considered diﬀerentially abundant.

Under phenanthrene treatment, chlorosis was observed from the
base of wheat leaf, and chlorophyll metabolism was destroyed (Shen
et al., 2017). Through TEM observation (Fig. 1), we found that the
chloroplasts became rounded and disintegrated signiﬁcantly under
1.0 mg L−1 phenanthrene treatment (Fig. 1-7-12). In detail, for the
control, the chloroplast and mitochondria were clear and distinct in the
cytoplasm, the chloroplast was ellipse in shape and its inner thylakoid
layer was distributed distinctly (Fig. 1-1-3). Under 0.5 mg L−1 phenanthrene treatment, the chloroplast was small, some organelle fragments were accumulated together and many starch grains were left in
wheat leaf cells (Fig. 1-4-5). From the magniﬁed observations (×8.0 k),
the thylakoid layer tended to be loose and dissociated (Fig. 1-6). In the
treatments, the chloroplasts became rounded from ellipse, chloroplast
inner structure and its thylakoid layer dissolved and the amount of
osmilphilic granules increased compared to the control (Fig. 1-7-12).
In terms of the above observations, the chloroplast morphology had
the most signiﬁcant change when wheat leaf cell was exposed to phenanthrene. The similar phenomenon occurred when Arabidopsis thaliana
was in the chilling condition (Vella et al., 2012). But the report did not
provide any mechanism on the variation. To date, there are few reports
about the chloroplast morphological change when the plants are exposed to exogenous chemicals. Generally, chlorophyll contents determine leaf color (Madeira et al., 2003), and the destruction of
chloroplast structure would make leaf color lighter (Wang et al., 2015a,
2015b). Hereby, it is inferred that the destroyed chloroplast is the main
reason for the wheat leaf chlorosis triggered by phenanthrene exposure.
Moreover, the increased osmilphilic granules under 1.0 mg L−1 phenanthrene and expanded starch grains under 0.5 mg L−1 phenanthrene
were also more signiﬁcant than the control (Fig. 1). Because the increase in osmilphilic granules is a symbol of oxidative stress in plant
cells (Briat et al., 2007), accumulation of PAHs would lead to an oxidative response in plant leaf. The stranded starch grain is the result of

2.7. Quantitative analysis of target DNA by real-time PCR
Primers for target protein gene, reference gene Actin (Genbank:
AB181991.1), Beta-tubulin 3 (Genbank: U76746.1) and Beta-tubulin 5
(GenBank: U76896.1) were designed using GenBank and synthesized by
Sangon Biotech, and primer pairs were listed in Table S1. Total DNAs
were isolated using total DNA extractor (Sangon Biotech, China). Realtime PCR experiments were performed by QuantStudio 5 with DNA
Quantitation PCR Kit (Sangon Biotech, China) and SYBRR Premix Ex
Taq™ (Takara, China), respectively. 20 μL reaction system of DNAs
contained 2 μL template DNA, 0.5 μL of 10 μM forward primer and
275
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Fig. 1. Transmission electron microscope (TEM) images of wheat leaf cells under phenanthrene treatment for 9 days. Control samples: 1 (×0.5 k), 2 (×2.5 k), 3
(×4.0 k); 0.5 mg L−1 phenanthrene treatment: 4 (×0.5 k), 5 (×2.5 k), 6 (×8.0 k); 1.0 mg L−1 phenanthrene treatment: 7 (×0.5 k), 8 (×2.5 k), 9 (×4.0 k), 10
(×2.5 k), 11 (×4.0 k), 12 (×8.0 k). (Chl, chloroplast; Th, Thylakoid; CW, cell wall; IS, intercellular space; Mi, mitochondria; M, cell membrane; OG, osmilphilic
granule; SG, starch grain; V, vacuole.)

blocking carbohydrate and energy metabolism (Lindell et al., 2005),
due to the inhibition of some metabolic enzymes by phenanthrene.

et al. (2009) and Jacoby et al. (2010). In Table S2, only proteins
identiﬁed in all four replicates were considered. A protein with both a
fold-change of > 1.5 and a P-value of < 0.05 was considered as differential expression. Based on the heatmaps, 261 proteins were upregulated and 249 proteins were down-regulated under phenanthrene
treatment. According to the classiﬁcation map analysis (Fig. 2), these
proteins were classiﬁed into four function groups, involved in biological

3.2. Proteomic expression proﬁles
As shown in the Supporting Information (Table S2), 517 proteins
were detected in our study, and the results are in line with those of Hou
276
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Fig. 2. Functional clusters of orthologous groups of protein (COG) classiﬁcation for the diﬀerentially accumulated (expressed) proteins in wheat leaf chloroplasts of
control and phenanthrene treatment.

phenanthrene exposure. The evidence from proteomic analysis showed
that the eight down-regulated proteins were related with thylakoid in
Table S2 and Fig. 3. Thylakoid is a membrane-bound compartment
inside chloroplast and the site of the light-dependent reactions of
photosynthesis. It consists of a thylakoid membrane surrounding a
thylakoid lumen, and grana is also frequently formed into stacks by
chloroplast thylakoid (Anderson, 1986). Thylakoid is the skeleton of
chloroplast, and the stabilization of thylakoid leads to the shape of
chloroplast. Thylakoid is a place for PAH accumulation in Lemna gibba,
and is considered to be a response point in plants (Duxbury et al.,
1997). The accumulation of anthracene, a kind of PAHs, could increase
the permeability of thylakoid membrane in Chlamydomonas reinhardtii,
indicating that the thylakoid structure would be compromised under
PAH treatment (Aksmann et al., 2011). Therefore, based on the signiﬁcant change of the chloroplast morphology in Fig. 1 and the heatmaps of iTRAQ proteomic analysis (Fig. 3), we infer that the phenanthrene exposure would leads to the thylakoid protein degradation and
the related protein number decrease, and then the thylakoid structure
collapses. This is the major reason why chloroplast becomes rounded
under phenanthrene treatment. Then we applied real-time PCR to
quantitative analysis of the DNAs of target proteins. In Fig. 4, all the
target genes' real-time PCR results presented were consistent with the
iTRAQ results except w5alr1 and w5a296, and the other 10 DNA expressions of target proteins conﬁrmed the proteomic results. In the
database (Table S2), w5alr1 is related with thylakoid membrane
structure. On the basis of the above discussion, proteomic and real-time
PCR results were incompatible in w5alr1 expression. In general, this
phenomenon happens commonly in molecular experiments, because
there is a hysteresis from gene transcription to protein expression and
the degradation rate of mRNA is much faster than that of the protein

process, molecular function, cellular component (Gene Ontology
Consortium, 2001), and uncharacterized (74 proteins). Among the
chloroplast proteins working in biological process, photosynthesis
covered the most of the biological process, about 15.28% in the total
proteins and 37.09% in the biological process. Then the numbers of
amino acid and protein metabolism processes followed, containing
about 23.94% and 15.49% in the biological process, respectively.
Among the molecular function proteins, there were ﬁve subgroups (ATP
component, antioxidant, binding, translation and stress expression) in
Fig. 2. ATP and antioxidant were the main components, up to 38.73%
and 34.10% in the molecular function group. In cellular function group,
ribosome, nucleoid and membrane structure components were the most
three subgroups, totally containing about 87.59% of proteins in this
group.
Chloroplasts can carry out a number of other functions, including
fatty acid and amino acid synthesis and the stress response in plants
(Halliwell, 1979; Petit et al., 2005). In our results, 79 proteins worked
in photosynthesis chain reaction (20 down-regulated proteins), 27
proteins in carbohydrate metabolism (14 up-regulated proteins), 73
proteins in amino acid and protein synthesis and metabolism (39 upregulated proteins), and 63 proteins were related with stress response
(35 up-regulated proteins). In addition, there were 87 proteins partaking in DNA replication and RNA transcription which accounted for
16.89% of all the proteins.

3.3. Response of chloroplast structure to phenanthrene
It has been addressed that the change of chloroplast is based on the
destruction of thylakoid structure (YashRoy, 1990). In Fig. 1-9,10, the
chloroplast external frame structure was still reserved under
277
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Fig. 3. Heatmap overview of iTRAQ data. Columns denote the metric; rows correspond to raw values. The color gradient (Control/Treated) for each cell ranges from
low (green) to underperforming (black), and, ﬁnally, high (red). The grey means the uncalculated proteins. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

the lung cell structure would be destroyed when the mice were exposed
to smoke or air pollution of PAHs, and its veriﬁcation experiment
showed that the normal human lung epithelial 16HBE cells would also
be destroyed in structure under the treatments of PAH-polluted smoke
(Wang et al., 2015a, 2015b). Furthermore, comparing the homologous
cells, chloroplast and red blood cell (Hughes and Latner, 1936), there
still comes many similarities when exposed to PAHs. Under PAH pollution, the absorbed PAHs would induce hemolytic anemia (a form of
anemia) due to hemolysis which can lead to the abnormal breakdown of
red blood cells (Sanctucci and Shah, 2000; Gehrs and Friedberg, 2002).
In recent research, it has been found that the entered PAHs cause rapid
cell damage (e.g., bone marrow cells), and it is largely attributed to
their reactive oxygenated metabolites, potential of oxidative stress, and
the adducts of their metabolites with DNA in clinical trials (Kamal et al.,
2015; Chibwe et al., 2015). It is the major reason for carcinogenicity,
teratogenicity and mutagenicity in animals and humans (Yan et al.,
2004; Kim et al., 2013). Meanwhile, the structure of human macrophage, which has similar origin with chloroplast, would totally turn
small and free from oval biconcave disk under benzo(a)pyrene treatment, together with cell viability decrease and apoptotic process increase (van Grevenynghe et al., 2003). The same phenomena would
also happen for adult pearl oyster in the PAH-contaminated water, and
its branchial lamellae cells would turn necrosis and edemas (AlHashem, 2017). Therefore, cell structure destructions are consistent
when organisms are exposed to PAHs. However, the PAH-toxicity mechanism is still unclear in plant cells. Here in our result, the abnormality of chloroplast morphology and structure is the ﬁrst evidence and
the reason for the PAH-triggered mutagenic phenomenon in plant cells.
As the deformation of chloroplast is a kind of carcinogenic and teratogenic eﬀects, we suggest that our observation is the PAH-triggered
carcinogenic and teratogenic eﬀect in plants. Brieﬂy, at the molecular
level, the phenanthrene exposure would be a stress signal that inhibits
the thylakoid protein gene expression, and the lack of thylakoid proteins is the main reason for chloroplast structural deformation and the

under stress condition (Heidarvand and Amiri, 2010; Schwanhausser
et al., 2011). In addition, w5alr1 expression was also suppressed together with the other 6 genes related with thylakoid structure, and the
proteins relative to thylakoid became down-regulated under phenanthrene treatment. Therefore, the structural breakage of thylakoid is the
major reason for chloroplast abnormality under phenanthrene treatment. The chloroplast protein veriﬁcation experiment was carried out
by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE), and the results matched well with the iTRAQ results. The detailed information was listed in the Supporting Information (Fig. S1).
Meanwhile, there were another 4 chloroplast proteins responded
under phenanthrene treatment, which were W5HA90, W5FHC5,
W5HNV3 and W5FZJ6 related with stroma and envelope of chloroplast.
In cells, stroma is the connective, functionally supportive framework
(Forsberg et al., 1993), and it is the frame structure in chloroplast;
envelope is a double-membrane structure and the outer protector of
chloroplast (Block et al., 1983). In Fig. 1-11-12, it was clearly observed
that the chloroplast was still reserved in leaf cell, but its morphology
changed with the thylakoid structure becoming loose and dissociated.
Combined with the results of iTRAQ and real-time PCR, the proteins
related to stroma, W5FHC5 and W5HNV3, were up-regulated under
phenanthrene treatment and the corresponding gene expression also
exhibited the same trend, while W5FZJ6 stroma protein displayed an
opposite to the two proteins (W5FHC5 and W5HNV3). The expression
of w5fzj6 is the potential reason for chloroplast disintegration in the
later stage (Fig. 1-10-12). Meanwhile, the two chloroplast envelope
proteins turned up-regulated in iTRAQ (Fig. 3) and negative in realtime PCR results (Fig. 4), suggesting that chloroplast membrane structure would become unstable under phenanthrene treatment. The active
expression of W5HA90 and W5FHC5 is the important reason for the
chloroplast structure stabilization under PAH exposure.
Compared to the recent reports about PAH-triggered carcinogenic
and teratogenic eﬀects in animals and humans, there are some commons about cell structure between plants and animals. It was found that

Fig. 4. Real-time PCR identiﬁcation of target protein genes of wheat leaf chloroplast under phenanthrene treatment.
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Fig. 5. Proposed mechanism for gene and protein response to chloroplast deformation exposed to phenanthrene. The red and blue arrows indicate up-regulation and
down-regulation, respectively; the grey part of the chloroplast means the down-regulation of proteins. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

Conﬂict of interest

chlorosis in wheat leaf cells. Thus, we describe the chloroplast deformation mechanism in Fig. 5. Through the inhibition of thylakoid
gene expression of wheat leaf cell exposed to phenanthrene, the related
proteins become down-regulated in chloroplast, and the weakness of
thylakoid leads to the chloroplast deformation under phenanthrene
treatments. And the chloroplast deformation is similar to the red blood
cell change under PAH treatments (Sanctucci and Shah, 2000; Gehrs
and Friedberg, 2002).
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2018.11.074.
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